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The stability of isotropic (I), nematic (N), smectic A (Sm A), and hexatic (Hex) liquid crystalline phases is
studied for a fluid of molecules with a rod-like shape and dispersive interactions dependent on orientation.
The fluid is modeled with the spherocylindrical Gay-Berne-Kihara interaction potential proposed in a recent
work, with parameters favoring parallel pair orientations. The liquid crystal phase diagram is characterized
for different molecular aspect ratios by means of Monte Carlo simulations in the isobaric-isothermal ensemble.
Three types of triple points are observed, namely, I-Sm A-Hex, I-N-Sm A, and N-Sm A-Hex, leading
to island-shape domains for the smectic A phase. The resulting phase diagrams are compared with those
derived previously for prolate fluids of ellipsoidal and spherocylindrical symmetry. It is concluded that the
stability of the layered phases with respect to the nematic phase is enhanced in the spherocylindrical fluids
due to geometrical constraints. Furthermore, the anisotropy of the dispersive interactions induces a stronger
dependence of the overall phase diagram on temperature and aids in the energetic stabilization of the hexatic
crystalline phase with respect to the fluid smectic A phase.

I. Introduction

Computer simulation constitutes nowadays one of the most
productive disciplines of material science. The comprehension
of mesophasic behavior has to a great extent relied on the
information provided by the different computational approaches
of statistical mechanics.1,2 Two recent reviews from Wilson3

and Care and Cleaver,4 devoted to the computer simulation of
liquid crystals (LC), serve to illustrate the recent advances and
the broad range of applications emerging from this field.

Since the first works on computer simulation of liquid crystals
in the 1970s,5 increasing efforts have been directed toward the
extension of the accessible physical time and length scales. Of
particular importance within this context has been the quest
toward establishing realistic and yet simple molecular models
that would guide in the rationalization and prediction of the
physicochemical properties of specific mesogens.1-3,6 Coarse-
grain models have played a fundamental role in the field of
liquid crystals. In their more accurate form, such models treat
molecules with appropriate interaction centers at atomic resolu-
tion with a detailed treatment of the internal degrees of freedom.
However, atomistic models have the disadvantage of becoming
computationally expensive and, therefore, of imposing limita-
tions to the size and time scale of the simulation system.3,4 The
alternative use of rigid molecular models has been successfully
explored for the study of mesophases. Optimum rigid models
should incorporate the relevant features of the excluded volume
effects and molecular interactions, while keeping a reasonable
analytical and computational efficiency for theoretical and
simulation studies.

An important class of liquid crystalline systems is associated
to molecules of roughly prolate axial symmetry. Different rigid
models have been proposed in the past decades to describe these

molecular fluids. Two types of molecular geometries have
concentrated most of the efforts, namely ellipsoidal models and
rod-like spherocylindrical or Kihara models. The simplest
ellipsoidal models are the hard ellipsoid model7 and the
Gaussian-overlap model,8 which have attracted renewed interest
in past years.9,10 The Gay-Berne potential (GB)11 is the
ellipsoidal model most extensively employed to study mesogenic
behavior.12-15 Remarkably, layered smectic phases are not stable
in the purely repulsive ellipsoidal models, such as the hard
ellipsoid fluid.7,9,12,16,17Smectic phases can be incorporated to
the LC phase diagram with the introduction of specific attractive
interactions to the ellipsoidal core.15,18On the other hand, Kihara
models19 constitute the most popular spherocylindrical fluids.
The simplest Kihara potential, the hard spherocylinder model
(HSC), already displays a rich LC behavior including nematic,
smectic A, and solid phases, depending on molecular aspect
ratio and thermodynamic conditions.20,21 The analogous phase
diagram for soft Kihara potentials has been investigated more
recently.22-25 Whereas the Kihara interaction model provides a
closer description of the overall shape of rod-like molecules in
comparison to their ellipsoidal counterparts, they present the
intrinsic limitation of assigning the same interaction energies
to a given molecular core distance, irrespectively of the relative
orientations of the particles. This is in contrast with the
interactions in real mesogens, where the dispersive forces tend
to be greater for side-to-side pair configurations or, possibly,
other arrangements if specific functional groups dominate the
energetics.

In a previous work,26 our group introduced a mesogenic pair
potential which combines the more realistic features of the
Kihara models (the spherocylindrical shape) and of the GB
potential (the anisotropy in the strength of the interaction). The
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so-called Gay-Berne-Kihara potential (GB-K) provides a pair
interaction qualitatively resembling that of a linear chain of
Lennard-Jones centers (see Figure 1). Interestingly, a novel way
to mimic elongated molecules with Lennard-Jones centers has
been recently reported.27 The Monte Carlo simulation study of
ref 26 for the GB-K fluid of molecular length/diameter ratio
L* ) L/σ ) 5, showed relevant differences in the LC phase
diagram with respect to the original Kihara potentials, especially
with respect to the stabilization of layered hexatic phases.

The present work provides a more complete evaluation of
the potentiality of the GB-K fluid as mesogenic model. For
this purpose, we have extended the characterization of the LC
phase diagram to molecular systems with different aspect ratios
and anisotropy of the dispersive interactions. Particular attention
is devoted to the stability of the nematic phase and of layered
fluid-like smectic and crystal-like hexatic phases. The investiga-
tion aims to contribute to the elucidation of the roles played by
the molecular shape and the anisotropy of the dispersive
interactions in mesogenic behavior. Such a study seems timely
after the recent revisions of the global LC phase diagram of
the ellipsoidal GB fluid,14,15 which constitutes an optimum
benchmark for the present work. Valuable information can be
obtained from the comparison of the LC phase diagrams and
structural properties of GB-K and GB fluids with the same

aspect ratios and parametrization of the interaction energy. In
this way, the effects imposed by the spherocylindrical and the
ellipsoidal cores of these two fluids, respectively, can be
unveiled.

The next Section of the paper briefly reviews the definition
of the GB-K interaction model and relevant aspects of the
Monte Carlo simulation method. The paper then follows with
a detailed discussion of the LC phase diagrams for different
molecular parametrizations.

II. Method

II.A. Interaction Model. The GB-K potential model is built
by incorporating the orientational prefactor of the Gay-Berne
potential to the 12-6 Kihara potential.26 The interaction potential
is defined by the following expressions, with the parameter
definitions outlined in Table 1:

The spherocylindrical symmetry (a cylinder capped by hemi-
spheres on both ends, see Figure 1) of the molecular core arises
from the explicit dependence of the pair potential ondm. This
variable represents the minimum distance between the rigid
cores of the molecules, which is an implicit function of the
relative center-of-mass positions and orientations of both
particles. The prefactorεGB depends explicitly on the three-
vector correlations between the directors of the given pair of
particles (ûi, ûj) and the intermolecular center-of-mass vector
(r̂ ij). The interaction anisotropy is characterized by the usual
Gay-Berne four parameter set (κ, κ′, ν, andµ) (see Table 1).
In particular,εGB ) 1 for the crossed configuration, whereûi

ûj ) r̂ ij ûj ) r̂ ij ûj ) 0. The attractive energy well of a parallel
pair of molecules in the side-to-side configuration isκ′ times,
{1 - ø2}-ν/2 times and{1 - ø2}-ν/2{1 - ø′ }-µ times deeper
than for the head-to-tail, crossed and T-shaped configurations,
respectively (e.g., see Figure 1 of ref 26). The parameterκ

denotes the molecular aspect ratio, which in the spherocylin-
drical GB-K model is related to the rod length/diameter ratio
throughκ ) L* + 1.

The present investigation scopes GB-K fluids with the set
of interaction parametersκ′ ) 20, µ ) 1, andν ) 1 and three
aspect ratios,κ ) 4.4, 5, and 6 (i.e.,L* ) 3.4, 4, and 5). Such
choice of parameters, together with our previous study of the
GB-K fluid with κ ) 6, κ′ ) 5, µ ) 2, andν ) 1,26 allows us
to investigate qualitative changes in the LC phase diagram of
the fluid with respect to both molecular length and interaction
anisotropy. In addition, the chosen parameters provide a link
with previous systematic studies for the GB fluid.14,15Through-
out the paper, the notation GB-K(κ, κ′, µ, ν) introduced in
previous works14,26will be employed. For computing efficiency,
the interaction potential is truncated at a distancedm ) dC )

Figure 1. Equipotential energy surfaces for two parallel particles
interacting through the spherocylindrical GB-K(5, 20, 1, 1) (i.e., with
parametersL* ) 4, κ ) 5, κ′ ) 20, µ ) 1, ν ) 1) potential (center),
the ellipsoidal Gay-Berne GB(5, 20, 1, 1) potential (left) and a 10-
site Lennard-Jones chain with the same aspect ratio (right). The position
of the pair of particles is described by the polar coordinates (rij, θ),
with θ ) 0° for the side-to-side configuration andθ ) 90° for the
head-to-tail one. Note the qualitative resemblance of the multiple-site
Lennard-Jones chain potential achieved with the GB-K model.

TABLE 1: Glossary of the Main Parameters Employed to
Define the GB-K Fluid Model in Section II.A

parameters definition

rij vector joining the
center-of-mass of particlesi, j

uk director vector of particlek
dm minimum distance between

the cores of particlesi, j
εGB (r ij ,ui,uj) Gay-Berne term of the

interaction potential
UK(dm) Kihara term of the

interaction potential
ε, kB energy scaling parameter

and Boltzmann constant
L, σ length and diameter of

the cylindrical core
κ molecular aspect

ratioκ ) L/σ +1
κ′, ν, µ Gay-Berne parameters defining

the interaction anisotropy
ø, ø′ ø ) (κ2 - 1)(κ2 + 1)-1,

ø′ ) (κ′1/µ - 1)(κ′1/µ + 1)-1

UGB-K(r ij, ûi, ûj) ) εGB(r̂ ij, ûi, ûj)UK(dm) (1)

UK(dm) ) 4ε[(σ/dm)12 - (σ/dm)6] (2)

εGB(r̂ ij, ûi, ûj) ) εGO(ûi, ûj)
ν[ε′(r̂ ij , ûi, ûj)]

µ (3)

εGO(ûi, ûj) ) [1 - ø2(ûi‚ûj)
2]-1/2 (4)

ε′(r̂ ij, ûi, ûj) )

1 - ø′
2 [(r̂ ij‚ûi + r̂ ij‚ûj)

2

1 + ø′(ûi‚ûj)
+

(r̂ ij‚ûi - r̂ ij‚ûj)
2

1 - ø′(ûi‚ûj) ] (5)
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3σ, and shifted so that the energyUGB-K vanishes at the
truncation boundary.26

Figure 1 compares the overall spherocylindrical shape of the
molecules in the GB-K model with the ellipsoidal shape of
the GB potential for one of the set of parameters employed in
the present work. This Figure also serves to illustrate that the
GB-K model resembles, qualitatively, the main features of the
multiple-site Lennard-Jones chain potential.

II.B. Monte Carlo Simulations. The isothermal-isobaric
ensemble Monte Carlo (NPT-MC) simulation methodology
employed to evaluate the liquid crystal phase diagram of the
GB-K fluid was essentially the same described in our previous
paper.26 Isobars were run for systems ofNp ) 1492 molecules
at reduced pressures in the rangeP* ) Pσ3/ε ) 0.1-8.0 (note
that a different reduction of pressure, namelyPσ3/kBT, was used
in ref 26). Simulations for larger systems, withNp ) 6144 and
12288, were also performed to elucidate the structure of the
layered phases. For each isobar, the stability of isotropic (I),
nematic (N), smectic A (Sm A), and hexatic (Hex) phases was
explored. This implied covering a range of temperatures within
T* ) kBT/ε ) 0.4-5.0, depending on the fluid pressure and the
molecular elongation. In the reduced expressions forP* andT*

above,ε is the potential energy scaling parameter ofUK(dm)
(eq 2), which corresponds in particular to the well depth for
the crossed pair configuration.

Each state was typically equilibrated over 106 NPT-MC
cycles and ensemble averages of the thermodynamic and
structural properties of the system were computed over 3×
105 cycles. Each MC cycle consisted ofNp attempts for
displacements and/or reorientations of randomly chosen particles
plus a trial change of the box volume. Volume changes were
attempted by randomly changing the length of the each side of
the box independently, with the restriction that none of them
could become shorter than twice theL + 3σ range of the
interaction potential. The usual acceptance ratios and periodic
boundary conditions are employed.

The calculation of each isobar was started from an equili-
brated configuration at low-temperature well inside the hexatic
region. Such configuration was built from hexagonal crystal
lattices with AB and ABC stacked arrangements20 or, alterna-
tively, from imperfect hexatic crystal configurations obtained
from the cooling of initially disordered fluids. The system was
then melted by sequential heating from the hexatic configuration
through the different LC phases down to the isotropic phase.
Efforts were directed toward the microscopic characterization
of the hexatic phase. The disjunctive of assigning a crystal-like
structure, or rather a fluid-like smectic B structure, to this phase
has been a matter of discussion.14,28We will refer to this phase
ashexaticand will discuss this topic later in the paper. In any
case, it was found that the melting temperature of the hexatic
phase to the corresponding subsequent smectic A, nematic, or
isotropic phase was independent of the type of configuration
(AB, ABC, or imperfect crystal) initially assumed for the hexatic
phase.

The LC transitions observed during the isobaric heating of
the fluid are characterized by discontinuities in density, energy,
and in the nematic order and in the bond hexagonal order
parameters.26,29 In addition, sudden qualitative changes in the
appropriate radial correlation functions are monitored.13,15,21,24,26

In particular, the set of functionsg1m(r⊥) was computed, which
account for the correlation between a particle in a given smectic
layer, with a second particlem layers apart, as a function of the
component of the pair distance vector perpendicular to the
nematic director,r⊥.15 Such approximate procedure for the

estimation of liquid crystal phase boundaries is reliable for the
purposes of the present work and has been extensively employed
in the past for similar fluids of prolate molecules.21,23,24,26A
more precise evaluation of the phase diagram should include
an accurate calculation of the free energy in each of the phases
(e.g., see ref 28), which is beyond the scope of the present study.

III. Results

Figures 2-4 show representative isobaric equations of state
computed for the GB-K fluids considered in the present study.
The different isobars were obtained from the melting of an
imperfect hexatic crystal state (see Section II.B). These results
serve to illustrate the overall liquid crystalline phase diagram
displayed by the Gay-Berne-Kihara fluid, featuring isotropic,
nematic, smectic A, and hexatic phases. As it is well-known,
the isotropic phase corresponds to a disordered fluid, the nematic
phase to a fluid with a net collective alignment of the molecules,
the smectic A phase to molecules organized in fluid-like layers
of aligned molecules, and the hexatic phase to a crystal-like
layered structure with strong interlayer correlations as will be
shown below.

A first inspection of the phase diagram of the GB-K(6, 20,
1, 1) fluid (Figure 2) already reveals that the stability of the
four observed phases is strongly dependent on the temperature
and pressure of the fluid. For temperatures up toT* ) 2.5 or

Figure 2. Liquid crystal phase diagram of the GB-K(6, 20, 1, 1)
fluid. Stable isotropic (I), nematic (N), smectic A (Sm A), and hexatic
(Hex) phases are found. The phase diagram is derived from the Monte
Carlo isobaric equations of state (densityF* ) Fσ3 Versustemperature
T* ) kB T/ε) shown in the plot (symbols), for the pressures withinP*

) Pσ3/ε ) 0.2-8 indicated next to each curve. The solid lines guide
the eye along the boundary of stability of each phase.

Figure 3. Same as Figure 2 for the GB-K(5, 20, 1, 1) fluid. Stable
isotropic (I), Smectic A (Sm A), and Hexatic (Hex) phases are found
for this fluid. Note the absence of the nematic phase in the phase
diagram.
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pressures up toP* ) 3, the GB-K(6, 20, 1, 1) fluid presents
only isotropic, smectic A, and hexatic phases. At intermediate
temperatures and pressures (within 2.5< T* < 3.2, 3< P* <
8), a more complete sequence of mesophases is found including
the nematic phase. Finally, at higher temperatures and pressures,
the smectic A phase eventually becomes unstable giving rise
to a nematic-hexatic transition. Hence, the simulations lead to
a I-N-Sm A triple point atT* ≈ 2.5-2.6, P* ≈ 3-4, and a
N-Sm A-Hex triple point atT* ≈ 3.2-3.3, P* ≈ 7-8. The
simulation results also suggest that an additional I-Sm A-Hex
triple point may arise in the limit of small temperature and
pressure. This aspect becomes more apparent in the phase
diagrams of the GB-K fluids with smaller aspect ratios that
will be presented below.

The changes in the energy per particle, the nematic order
parameter, and the hexatic bond order parameter26,29 along the
isobars of the GB-K(6,20,1,1) fluid are illustrated in Figure 5.
The isobars atP* ) 1, 5, and 8 selected for this plot are
representative of the three types of phase transition sequences
observed for this fluid, namely I-Sm A-Hex, I-N-Sm
A-Hex, and I-N-Hex, respectively. The evolution of the
nematic order parameter,S2, and the hexatic bond order
parameter,H6, illustrated in Figure 5, monitor the orientational
and positional order in each phase of the fluid.S2 displays the
typical sudden jump to values above 0.6 at the I-N transition
and further grows with cooling. Remarkably, in the absence of
a stable Sm A phase, as in theP* ) 8.0 isobar, the nematic
phase reachesS2 values as large as≈0.9. The appearance of
such strong nematic alignment in the absence of an external
field can be expected to be of practical interest. In the Sm A
phase,S2 values within 0.7-0.8 (e.g., forP* ) 5.0) or above
0.9 (e.g., forP* ) 1.0) can be obtained depending on thermal
fluctuations. The transition to the hexatic phase involves, in all
cases, an increase inS2 to values close to unity and a marked
discontinuity inH6 related to the appearance of positional order
with a long-range hexagonal packing of the molecules, which
is absent in the Sm A phase. A more detailed insight into the
structure of the smectic A and hexatic phases is provided at a
later stage of the paper in the light of the analysis of specific
correlation functions.

Figure 5 shows that the energy per particle grows with
temperature at any given pressure. It is of particular interest to
note the substantial energetic stabilization of the fluid in the
transitions from the isotropic or nematic phase to the smectic
A or hexatic phases. Such transitions are also associated to the
greatest discontinuities in density. A sizable jump in energy is

further observed at the Hex-Sm A transition, which follows
from the more energetically efficient molecular configuration
of the hexatic packing. Additional relevant information about
the energetic contribution to the stability of the layered phases
can be obtained if the present phase diagram of the GB-K(6,
20, 1, 1) fluid just discussed is compared to similar diagrams
of related fluids with smaller anisotropy in the dispersive
interactions. The most extreme case is that of the 12-6 Kihara
fluid of the same aspect ratio, formally equivalent to the GB-
K(6, 1, 0, 0) fluid, in which the dispersive interactions depend
only on dm (i.e., εGB ≡ 1, so that the 12-6 potential energy
applies uniformly around the molecular core). The phase
diagram of the 12-6 Kihara fluid23,26displays a particularly weak
dependence of the density of the I-N-Sm A transitions with
temperature, which is in contrast with the appreciable increase
in the density of the transition lines with increasing temperature
in the GB-K(6, 20, 1, 1) fluid (Figure 2). More interestingly,
the 12-6 Kihara fluid lacks hexatic- or crystal-like phases in
the range of pressures and temperatures presently investigated,
which already demonstrates the preponderance of the energetic
contributions to the free energy over the entropic ones in the
stabilization of the hexatic phase. In this context, it is also
enlightening to confront the phase diagram of the GB-K(6,
20, 1, 1) fluid with that obtained in our previous work for the
GB-K(6, 5, 2, 1) fluid (Figure 2 of ref 26). In this latter fluid,
the energy ratios of the parallel side-to-side pair configuration
with respect to the head-to-tail and T-shape configurations are
4-fold smaller than in the parametrization of the present work,
whereas the ratio with respect to the crossed configuration is
maintained. Noticeably, the phase diagram of the GB-K(6, 5,
2, 1) fluid features a I-N-Sm A triple point very close in
temperature and density (T* ≈ 2.5,F* ≈ 0.11) to the one found

Figure 4. Same as Figure 2 for the GB-K(4.4, 20, 1, 1) fluid. Stable
Isotropic (I), Smectic A (Sm A), and Hexatic (Hex) phases are found
for this fluid. Note the absence of the nematic phase in the phase
diagram, which is in contrast with the Gay-Berne fluid with same
aspect ratio and interaction parameters.15

Figure 5. Average interaction energy per particle,u* ) u/ε (Top),
nematic order parameterS2 (middle), and Hexatic bond order parameter
H6 (bottom), along the isobarsP* ) 1, 5 and 8 of the GB-K(6, 20, 1,
1) fluid. These isobars illustrate the three types of phase transition
sequences observed for this fluid, namely I-Sm A-Hex, I-N-Sm
A-Hex, and I-N-Hex.
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for the GB-K(6, 20, 1, 1) fluids. The main difference between
the liquid crystal behavior of the two models is related to the
enhanced stability of the Sm A phase with respect to the hexatic
phase in the less anisotropic GB-K(6, 5, 2, 1) fluid. In fact,
the smectic phase was present in the whole range of temperatures
investigated in ref 26 and no evidence for a N-Sm A-H triple
point was found at temperatures up toT* ) 5, which is in
contrast to the presence of such a triple point for the GB-K(6,
20, 1, 1) fluid atT* ≈ 3.3. One further relevant difference
between the two parametrizations of the GB-K model is that
in the GB-K(6, 20, 1, 1) fluid the I-N transition is delayed
toward greater densities with respect to the GB-K(6, 5, 2, 1)
fluid. Although this result was not necessarily expected, it can
be traced back to the reduced attractive interactions in the GB-
K(6, 20, 1, 1) fluid for configurations of parallel particles away
from the side-to-side arrangement. For instance, the head-to-
tail pair configuration is four times more attractive in the GB-
K(6, 5, 2, 1) fluid than in the GB-K(6, 20, 1, 1) fluid, which
results in more negative average potential energies in the nematic
phase of the former fluid.

We move on now to the discussion of the phase diagrams
obtained for GB-K fluids of smaller molecular aspect ratios,
namelyκ ) 5 and 4.4 (i.e.,L* ) 4 and 3.4). The motivation for
studying systems of shorter molecules is at least three-fold. First
of all, the investigation of different aspect ratios is required to
provide a systematic description of the mesogenic behavior of
any model fluid. In addition, it is interesting to follow the
reference provided by the extensive investigation of the HSC
fluid20,21which showed qualitative changes in the liquid crystal
phase diagram withκ. Finally, the most detailed studies of the
GB fluid have been performed for small aspect ratios (κ < 5.0).
In particular, thorough investigations have been carried out for
the GB(4.4, 20, 1, 1) fluid,14,15 and it is of interest to compare
its behavior to that of its spherocylindrical counterpart, namely
the GB-K(4.4, 20, 1, 1) fluid.

Figures 3 and 4 depict the computed isobaric equations of
state and the corresponding phase diagrams GB-K(5, 20, 1, 1)
and GB-K(4.4, 20, 1, 1) fluids. One of the most relevant
features of both phase diagrams is the absence of the nematic
phase. In addition, the island shape of the region of stability of
the Sm A phase is even more apparent than for theκ ) 6 fluid.
Hence, the simulations suggest the existence of two I-Sm A-H
triple points, one at low temperature (T* < 0.6) and a second
one at high-temperature (T* ≈ 2.4 and 2.1 forκ ) 5 and 4.4,
respectively). For even shorter molecules, the smectic A phase
can be expected to vanish and, in fact, a shift toward higher
densities with an appreciable decrement in the area of the
density-temperature diagram corresponding to this phase is
already observed in going fromκ ) 6 to κ ) 4.4.

These results for the GB-K fluid are in qualitative concor-
dance with the behavior of the hard spherocylinder fluid. For
instance, the representation of the phase diagram of the HSC
fluid against molecular length displays a I-N-Sm A triple point
at κ ) 4.7 (i.e.,L* ) 3.7) and a I-Sm A-K triple point (K
stands for a crystal phase) atκ ≈ 4.1 (i.e., L* ≈ 3.1).20,21

However, some differences are apparent on quantitative grounds.
For the GB-K fluids presently investigated, the nematic phase
is no longer stable forκ ) 5 and the I-N-Sm A triple point
is necessarily located at a greater aspect ratio than in the HSC
fluid, within κ ) 5-6. Furthermore, the analogous I-Sm A-K
triple point, although not explicitly investigated here, can be
expected to arise in the GB-K fluid at values appreciably
smaller thanκ ) 4.1, since forκ ) 4.4, the smectic phase is
still stable over a significant region of densities and temperatures

(see Figure 4). Such differences can be attributed to the specific
energetic contribution added in the GB-K fluid, on top of the
excluded volume steric effects that to can be considered similar
for the two fluids.

The phase diagram of the GB-K(4.4, 20, 1, 1) was computed
partly with the aim to establish a comparison between the
spherocylindrical GB-K fluid and the ellipsoidal Gay-Berne
fluid. The GB(4.4, 20, 1, 1) fluid presents stable isotropic,
nematic, smectic and hexatic phases14,15 and thus displays a
phase diagram qualitatively different from that of the GB-
K(4.4, 20, 1, 1) fluid (Figure 4). In fact, the phase diagram of
the GB(4.4, 20, 1, 1) system resembles the features found here
for the GB-K(6, 20, 1, 1) fluid (Figure 2). Interestingly, the
investigations of the Gay-Berne model have shown that it leads
to stable nematic phases under a broad range of molecular aspect
ratios and interaction parameters. The nematic phase was found
to be stable in the GB fluid withκ ) 3, which to our knowledge
constitutes the smallest aspect ratio for which mesogenic
behavior has been explored for this model.12 It is important to
notice that in the purely repulsive ellipsoidal models, such as
the hard ellipsoid fluid, the only stable liquid crystalline phase
is the nematic phase.7 Smectic phases become stable only if
specific attractive interactions are introduced in the model.
Consequently, in models with ellipsoidal symmetry the nematic
phase appears to be inherently stabilized by the molecular shape,
so that this phase remains stable for significantly smaller aspect
ratios in comparison to their spherocylinder fluid counterparts.
For instance, the hard ellipsoid fluid presents a stable nematic
phase down to aspect ratios as small asκ ≈ 2.5,30 in comparison
to κ ≈ 4.1 for the hard spherocylinder fluid.20,21

A relevant topic in the context of the present study is the
elucidation of the structures of the nematic, smectic, and hexatic
phases of the GB-K fluid and their comparison with those of
related model fluids, namely the HSC and the GB fluids. The
most relevant features of the structural character of each of these
LC phases can be projected into appropriate pair distribution
functions capturing the positional and orientational correlation
of the particles.26,29 Figure 6 depicts a first set of correlation
functions commonly employed in liquid crystal studies. The
radial distribution function,g(r*), is qualitatively similar in the
isotropic and nematic phases, where it shows little structure apart
from the void forr* ) r/σ < 1.0 and some smooth short-range
oscillations. With the appearance of the positional order in the
layered Sm A and Hex phases, the radial distribution function
displays a substantial increment in its short-range structure as
well as appreciable oscillations at longer ranges, which reflect
the efficient packing of the roughly parallel particles in the
layered arrangement. The depression observed ing(r*) at
intermediate distances (r* ) 3.5-6.0 in Figure 6) is associated
to the depletion of particle centers of mass in the interlayer
region. The radial distribution of the hexatic phase state shows
a double-peak structure in the second or greater coordination
shells directly associated to the hexagonal crystalline ordering
of the molecules within each layer (see also Figure 5).

The layered structure of the Sm A and Hex phases reveals
itself more clearly through the long-range positional correlations
with respect to the nematic director vector of the system.
Figure 6 illustrates this by means of the distribution
functions along the nematic director,g||(r||

/), and the inlayer
distribution,g11(r⊥

/). Since the nematic director is aligned with
the normal of the layers,g||(r||

/) displays oscillations with the
period of the interlayer spacing. The double-peak structure in
g11(r⊥

/) differentiates the Hex phase from the Sm A phase in a
similar but sharper way than the radial distributiong(r*).
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There has been certain controversy regarding whether the
analogous hexatic phases found in GB fluids correspond to either
(fluid) Sm B phases14 or rather to crystalline (AB or ABC)
phases.15 To investigate this aspect in detail, we performed
systematic computations of the Hex and Sm A phases of the
GB-K fluid with systems of 6144 and 12 288 particles. The
simulations were started at low temperature from 6-layer or 12-
layer configurations, respectively, of a perfect AB or ABC solid.
The crystalline structure was then heated at constant pressure
over a number of states through the Hex-Sm A transition and
well inside the Sm A phase. No difference in these simulations
with 6144 and 12 288 particles were observed that could be
attributed to system size effects. For each state, the interlayer
correlation functionsg1m(r⊥

/) with m ) 1-4 were specifically
inspected. Illustrative results are shown in Figure 7 for the GB-
K(4.4, 20, 1, 1) fluid atP* ) 4. At this pressure the Hex-Sm
A transition takes place atT* ) 1.70-1.75 (Figure 4). The
relative stability of the AB and ABC crystals is not of major
concern within the context of the present investigation. The
difference in free energy between both crystal arrangements is
too subtle and their microscopic configurations are too far away
from each other in the phase space to draw conclusions from
the Monte Carlo method employed here. In fact, in our
simulations the fluid retains the structure of the initial AB or
ABC crystal through the hexatic phase all the way down to the
Hex-Sm A transition. Figure 7 (panels a and b) depicts the
strong and qualitatively different crystal-like correlations be-
tween the layers maintained in the AB and ABC hexatic phases
at T* ) 1.60, a temperature already close to the boundary with
the Sm A phase. It can be noted that theg13 of one crystal type
is similar to theg14 function of the other type. Nevertheless,

the two types of crystals melted to the Sm A transition at the
same temperature. Once in the Sm A phase, the layers become
fluid-like and the interlayer correlations consequently vanish,
as can be observed in Figure 7c. The Sm A state does not retain
memory about the structure of the Hex phase from which it
was melted.

At this point, it seemed natural to freeze the Sm A fluid back
to the Hex phase to test whether the long-range intralayer and
interlayer correlations observed for the crystal phases (AB or
ABC) would be reconstructed or if, on the contrary, it would
lead to a smectic B phase with only short-range correlations.
Figure 7d shows theg1m(r⊥

/) correlation functions for theT* )
1.60 hexatic state resulting from the sequential freezing of the
GB-K(4.4, 20, 1, 1) fluid through the Sm A-Hex transition
at T* ) 1.70. As can be observed, the hexatic phase formed in
this way keeps a strong inlayer correlation (g11) and also between
nearest-neighboring layers (g12), both of which closely resemble
the long-range structure found for the AB and ABC crystals.
In particular, theg12 distribution features a negligible probability
density atr⊥

/ ≈ 0 and a differentiated peak atr⊥
/ ≈ 0.5. The

physical interpretation of this finding is straightforward: the
interdigitation of the hemispherical caps of the particles exposed
at the surfaces of adjacent layers. Note that such interdigitation
constitutes a fundamental qualitative difference with respect to
the Sm A phase for which virtually no interlayer correlation is
present.

Figure 7d also shows that theg13 andg14 distribution functions
present an appreciably weaker structure than the crystal ar-
rangements (Figure 7a, b). The computations for this hexatic
state were extended over 106 Monte Carlo cycles, which
represented a CPU (1.6 GHz) computation time of the order of
2 months. In spite of the long simulation runs, the structure in

Figure 6. Distribution functions for the GB-K(6, 20, 1, 1) fluid in
the isotropic phase (P* ) 5, T* ) 3.70), nematic phase (P* ) 5, T* )
3.35), smectic A phase (P* ) 5, T* ) 2.75), and hexatic phase (P* )
5, T* ) 2.35). Top panel: Radial distribution functions,g(r*); Middle
panel: distribution function along the nematic directorg||(r||

/) for the
Sm A and Hex states. Bottom panel: Inlayer distribution function
g11(r⊥

/) for the Sm A and Hex states.

Figure 7. Inlayer and interlayer distribution functions,g1m(r⊥
/) (m )

1, 2, 3, 4) for a Sm A state (P* ) 4, T* ) 1.8) and for different Hexatic
configurations (P* ) 4, T* ) 1.6) of the GB-K(4.4, 20, 1, 1) fluid. (a)
Hex state obtained from the heating of a perfect AB crystal; (b) Hex
state obtained from the heating of a perfect ABC crystal; (c) Sm A
state obtained from the melting of the fluid from the Hex phase; (d)
Hex state obtained from the freezing of the fluid from the Sm A phase.
All computations were performed with systems of 6144 particles
arranged in six layers.
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g13 andg14 never became more pronounced than for the case
depicted in Figure 7d. It can be noted that these distributions
display shallow maxima at positions associated to an AB stacked
arrangement. This is, however, not necessarily indicative of the
evolution of the system toward a thermodynamically stable AB
crystal. The inspection of the hexatic molecular arrangement
revealed that the relative configuration of a given layer with
respect to layersm ) 3 and 4 can be described as a mixture of
domains of AB type with domains of ABC type. The result is
an imperfect crystal-like configuration in which the average
interlayer correlations are diminished.

In summary, the long-range correlations observed ing11(r⊥
/)

andg12(r⊥
/), together with the interpretation in terms of defects

of the weaker correlations ing13(r⊥
/) andg14(r⊥

/), are consistent
with the assignment of a crystalline character to the hexatic
phase displayed by the GB-K fluids scoped in the present work.
For the Gay-Berne GB(4.4, 20, 1, 1) fluid it was similarly
concluded, after a systematic revision of the phase diagram from
simulation and free-energy calculations,15,28 that the smectic B
phase originally proposed was actually unstable with respect
to the solid crystalline phase. It was argued that the freezing of
the GB fluid to the hexatic phase from a less ordered phase
(Sm A, N, or I) in a Monte Carlo iterative procedure systemati-
cally led to an imperfect crystal arrangement with long-range
correlations midway between a true crystal and a smectic B.
Such arrangement was then likely to be misassigned to this latter
phase.

To our knowledge, the only investigations of hexatic phases
in spherocylindrical fluid models have been performed by Aoki
and co-workers,31,32McGrother and co-workers,21 Bolhuis and
Frenkel,20 and our group.26 A sizable first-order Sm B-crystal
transition was reported by Aoki for perfectly parallel soft
repulsive molecules with aspect ratioκ ) 2. On the other hand,
McGrother21 and Bolhuis20 reported on a stable crystal phase
for HSC fluids withκ ) 4-6, without any evidence for domains
of stability of a Sm B phase. Our results for the GB-K fluid
are consistent with these latter investigations, and extend the
domain of stability of the hexatic phase due to the favorable
energetics. For the shorter particles with purely repulsive
interactions investigated by Aoki, a stable Sm B phase could
be interpreted as a consequence of the smaller steric constrains
imposed on the layers.

IV. Conclusions and Final Remarks

We have presented a systematic study of the liquid crystal
phase behavior of a coarse-grain prolate spherocylindrical model
with attractive and repulsive pair interactions dependent on
orientation. The so-called GB-K potential was introduced in a
recent work26 and provides a more realistic description of the
overall shape of real mesogens in comparison to the ellipsoidal
Gay-Berne potential. The topology of the interactions in the
GB-K model resembles the main features of the multiple-site
Lennard-Jones chain potential.

Monte Carlo simulations in the isobaric-isothermal ensemble
have been performed for GB-K fluids of different elongation
and interaction parameters favoring parallel pair orientations.
Three types of triple points are observed in the phase diagrams,
namely I-Sm A-Hex, I-N-Sm A and N-Sm A-Hex. The
GB-K model leads to a stronger dependence of the qualitative
features of the phase diagram on temperature in comparison to
the more conventional Kihara fluids. It is observed that the
nematic phase becomes only stable for molecules of sufficiently
high aspect ratio, so that forκ < 6 the liquid crystal behavior
of the fluid is dominated by the layered phases. Furthermore,

the Sm A phase presents island-like domains of stability. In
fact, the anisotropy of the dispersive interactions introduced in
the GB-K model reduces the range of stability of the nematic
and smectic phase in favor of the hexatic phase.

The hexatic phase displayed by the different GB-K fluid
models scoped in our work features long-range correlations and
is therefore identified as a crystalline phase rather than as a
fluid-like Smectic B phase. This is in agreement with previous
results for HSC fluids of similar aspect ratios.20,21The freezing
of the fluid from the Sm A phase to the hexatic phase leads to
an imperfect solid. The correlations between the molecules in
the same layer or in the nearest-neighboring layer remain as
strong and long-ranged as in a perfect crystal. On the other hand,
the presence of defects in the crystal structure lead to mixed
domains of AB and ABC stacking, which effectively reduces
the average overall correlations between molecules two or more
layers apart. The simulation results are inconclusive with respect
to the relative stability of the AB and ABC stacking arrange-
ments of the crystal. Similar effects have been responsible for
the revision of the initial assignment of Sm B phases in the GB
fluid, currently recognized as crystal phases.15,28 Smectic B
phases reported for repulsive spherocylinder fluids of short
molecules (κ ) 2)31,32are likely to be stable, as a consequence
of the smaller orientational steric constraints.

Some appreciable differences become apparent between the
phase diagrams of the (spherocylindrical) GB-K and the
(ellipsoidal) GB fluid of same aspect ratio and interaction
parameters. In particular, the GB model inherently provides an
enhanced stability of the nematic phase with respect to the
smectic and crystal phases even for short molecules withκ <
3.12

It can be concluded that the GB-K fluid model characterized
in detail in this work and in ref 26 provides an effective coarse-
grain approach to real mesogenic systems. The model corrects
one fundamental pitfall of the conventional Kihara fluid, namely
the lack of an explicit dependence of the pair interaction on the
relative orientation of the molecules. The GB-K fluid can be
viewed as an alternative to the well-known Gay-Berne fluid,
introducing the more realistic molecular core shape in a
straightforward way. The effect of each type of molecular
symmetry (spherocylindrical or ellipsoidal) on the relative
stability of the nematic, smectic and crystal phases has been
outlined in the present work. It should serve to guide the choice
of fluid model when drawing interpretations and predictions for
actual mesogens.
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